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ABSTRACT 

Tin " t i t a n a t e "  c a t a l y s t s  wore p repa red  by .ion exchange of sodi.um 
hydrous " t i t a n a t e "  N a T i z O s H  s u p p o r t  i n  aqueous sci1ut.inns of 
SnClz- 2Hz0, and t e s t e d  a s  c a t a l y s t s  f o r  coprcicessing of subbi tuminous 
c o a l s  and heavy o i l s .  The catalysts w e r e  c h a r a c t e r i z e d  s t  each s t a g e  
of  prepara- t ion and u s e .  i . e .  b e f o r e  and a f t e r  i o n i c  exchange,  a f t e r  
c a l c i n a t i o n  and a f t e r  u s e ,  u s i n g  X-ray powder d i f f r a c t i o n .  l l s S n  
Mossbauer spec-trosrmpy and scann ing  e l e c t r o n  microscopy.  The samples  
are m i c r o c r y s t a l l i n e  ( 3 0  - 300 A part ic le  d i a m e t e r ) .  Most of t h e  t i n  
i s  i n  the  s t .annic  form. The SnOz and T i O z  polymorphs f r u t i l e ,  
a n a t a s e )  p r e s e n t  i n  t h e  catalysts are s t a b l e  d u r i n g  c o p r o c e s s i n g .  A 
Til-xSna0z r u t i l e - t y p e  s o l i d  s o l u t i o n .  found i n  some c a l c i n e d  
c a t a l y s t s .  decomposes d u r i n g  c o p r o c e s s i n g .  w i th  r e d u c t i o n  of t i n ( 1 V )  
t o  t i n f I I )  f o l l o w e d  by s u l f i d a t i o n  t o  SnS. T h i s  decomposi t ion a l s o  
l e a d s  t o  f o r m a t i o n  of T i O z  a n a t a s e .  

INTRODUCTION 

The large d e p o s i t s  of coal and heavy oil. i n  Western Canada have 
prompted e x t e n s i v e  r e s e a r c h  on coprocess i r ig  at  CANMET (1 - .6 l .  
Hydrogenation of coal i n  the p resence  of bitumen or heavy o i l  of 
petroleum o r i g i n  y i e l d s  b e t t e r  c o n v e r s i o n s  and h i g h e r  qua1it.y l i q u i d s  
i f  ca ta lys t s  a r e  added t o  the l i q u i d  s l u r r y  ( 7 ) .  IZecant,ly, Lhe 
Sandia  N a t i o n a l  L a b o r a t o r i e s  of  t h e  US Department: of Energy developed 
new c a t a l y s t  s u p p o r t s  f o r  c o a l  hydrogenat ion u t i l i z i n g  metal- 
exchanged hydrous t i  t a n a t s s  f 8 . 9 ) .  

A s  i n t e r e s t i n g  r e s u l t s  have been obtai .ned u s i n g  t , j  11 oataLysCs 
f o r  h y d r o l i q u e f a c t i o n  of c o a l  ( 1 0 - 1 3 ) -  new t i n  c a t a l y s t s  on hydrous 
" t i t a n a t e " z  s u p p o r t s  w e r e  p repa red  and tested a t  CANMET for oopro- 
c e s s i n g  of heavy o i l  and c o a l  ( 5 ) .  The p r e s e n t  s t u d y  r e p v r t s  t h e  
c h a r a c t e r i z a t i o n  of the c a t a l y s t s  by elect , ron microscopy.  X-ray 
powder d i f f r a c t i o n  and 119Sn Mossbauer spec t roscopy  ( 1 5 ) .  The 
s t r u c t u r e  and t e x t u r e  of t h e  c a t a l y s t s  are d i s c u s s e d  as a f u n c t i o n  of 
t h e  method of  p r e p a r a t i o n ,  and t h e i r  e f f e c t  on t h e  c a t a l y s t s  behav io r  
i s  examined. 

1 Author t o  whom a l l  co r re spondence  should be a d d r e s s e d .  
2 Although no s t r u c t u r a l  d a t a  s u g g e s t  t ha t  d i s c r e t e  t i t a n a t e  i o n s  

a r e  p r e s e n t  i n  t h e  c a t a l y s t s ,  w e  u s e  the name " t i L a n a t e s " .  a s  d o  
Dosch, S t e p h e n s ,  and S t o h l  ( 8 . 9 )  The name " t i t a n a t e s "  f o r  t h e s e  
tYPe of compounds i s  a l s o  used i n  w e l l  known i n o r g a n i c  chemis t ry  
t ex tbooks  ( 14 ) . 
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EXPERIMENTAL SECTION 

P r e P a r a t i o n s f -~Gmsfs 
Metal-exchanged hydrous " t i t a n n t e s "  (MEHT ) wore, prwpijre:d 

accord ing  t,o Dosch, S t e p h e n s ,  and St ,ohl  ( 8 , 9  . R e a c t  i ciri  of 
t i t a n i u m (  1 V )  2-propoxide,  Ti [OCN(CHs ) a  3 4  w i t h  a solut..ivn 1j.f sodium 
hydroxide i n  met l~anol  produces a s o l u h l e  i n t e r m e d i a t e .  which y i e l d s  
sodium hydrous " t i t a n a t e "  p r e c i p i t a t , e .  NaTizOs t I ,  up< 
mix tu re  of  1 0  w t  X wat.er i n  a c e t o n e .  The prw2ipi t .a  
wa te r  arid a c e t o n e .  and then  d r i e d  uridor vac:uum, y i e l d i t t g  hydr i~ i i s  
t i t a n a t e  s u p p o r t .  i n  t h e  f o r m  of  a wh i t e  f l u f f y  powder. Then. the 
support .  i s  loaded w i t h  t i n  i n  arl aquecms s o l u t i o n  i>f s t a n n o u s  
c h l o r i d e  d ihydra t . e ,  SnClz. 2Mi0, washed wi th  w a t e r  and ace tvna  and 
d r i e d  unde r  vaouiim overni .ght .  Before hydroprccess i  rig t e s t a s ,  t h e  
t i t a n a t e  c a t a l y s t s  a r e  c a l c i n e d  i n  a i r  a t  400  "C f o r  2 h o u r s .  
A n a l y t i c a l  r e s u l t s  f o r  t h e  m e t a l s ,  o b t a i n e d  by neu t ron  a c t i v a t . i o n .  
are shown i n  TABLE I .  The samples c o n t a i n  much more t i t a n i u m  than 
t i n  o r  sodium. The r a t i o  of i o n i c  exchange of N a  b y  Sn is  7 0  % for 
MB-586 and 4 6  X f o r  MB-599. 

T A B U  -1. 
Metal Content, of the  C a t a l y s t s  

Weight X A t o m i  c: Rat. ios 

Cat a1 y sta T i  Sn Na Ti/Sn Na/Sri Nn/Ti 

MU-586 

MR-599 

n c  4 1 . 8 8  1 .1 .44  - 9 . 1 0  
c: 4 3 . 2 0  1 2 ,  '70 1 . 0 8  8 . 4 3  i l .  44  0 . 0 5 
11 1.56 

nc 
c 3 6 .  50 1 .6 .80  3 . 86 !I . 3 8 1 . 1 4  1 - 1 .  2 2  

- - - 

- 2 . 6 4  - 

a :  nc = ncrn-oalcined,  c: : c a l c i n e d .  M = used. 

ac- 'aEz!&nku 8 5  
The t e x t u r e  o f  t.he c a t a l y s t s  and t h e  par t ic les  shape a n i l  s i z e  

w e r e  s t u d i e d  by scann ing  e l e c t r o n  microscopy (SEM) , which w a s  
performed u s i n g  a Hi t a c h i  5-520 in s t rumen t  wit..h t h e  f i l a m e n t  e n e r -  
g i z e d  a t  15 kV. The samples were d r i e d  a t  1 2 0  " C  o v e r n i g h t  t.o remove 
adsorbed w a t e r .  s t o r e d  i n  a dessicator and t h e n  ~,oI .d  coa led .  

X.-ray powder d i f f r a c t i . o n  (XRD), performed on il P i c k e r  X-ray 
/X-ray f 1 uorescence spectrometer dual i n s t r u m e n t ,  u s i n E  
d K, r a d i a t i o n  of Cu X b C u  := 1 . 5 4 1 7 8  A ) .  prov ided  

informati .on on t h e  c r y s t a L l i n e  phases  p r e s e n t  i n  t h o  c : a t a lys t .  namely 
t h e i r  i d e n t i f i c a t i o n  and c r y s t a l l i n e  form.  and t h e  c r y s t a l l i t e  s i r s .  

I d e n t i f i c a t , i o n  of t h e  t i n  s p e c i e s  and t h e  dag ree  n f  ~ : ~ x j d a I . i i ~ ~ i  IJC 
t i n  i n  t h e  c a t a l y s t s  w e r e  o b t a i n e d  by  Mossbauer spec t rosc i .~yy ,  u s i n g  
t h e  8.58 b n a t u r a l  abundance of the 1.19 Sn p robe .  The: 2 3 , 8 7 5  keV 
MiSssbauer $--ray w a s  o b t a i n e d  u s i n g  a 15 m C i  CallYlnSn03 8011 
chased f r o m  Amersham. A 0. 1 mm t h i c k  t'd f o i l  was used to  
2 5 . 0 4  and 2 5 . 2 7  l r e V  X-ray lines. T h e  d e t e c t o r  was a H a r s l i a w  Na('I'1)I 
s c i n t i l l a t i o n  c o u n t e r  o p e r a t i n g  at, 900 V.  Based o n  the artalytAaa1 
d a t a  of TABLE 1. t h e  appropr i a t , e  amount of sample c o n t a i n i n g  1 0  nig 
S n . c m 2  w e r e  enc losed  i n  a t e f l o n  h o l d e r  w i th  a thin windc.)w and t.i$ht 
f i t t i n e  cap. Both s o u r c e  and a b s o r b e r  ( s a m p l e )  were main ta ined  a t  
ambient t e m p e r a t u r e  f o r  t h e  measurements. The Doppler vc31 c x i t y  w a s  
provided by an E I s c i n t  d r i v i n g  sys t em,  i n c l u d i n g  a MVT-4 v e l o c i t y  
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transducer. a MFG-N-5 function generator and a MDF-N-5 driver 
generator, located on a vibration-free table, and operating in the 
triangular mode in the velocity range -8.5 mm.s-1 to +8.5 mm.s-1. 
The signal was fed to a Tracor Northern 7200 multichannel analyzer 
operating in the multiscaling mode. After accumulation of 500,000 to 
1,000,000 counts per channel, data acquisition was stopped and the 
data were stored on a diskette. The Doppler velocity was calibrated 
using CaSnOs and U-SnFz standard absorbers. Computer fitting was 
performed on a CDC Cyber 835 main-frame computer using GMFP5 (16), a 
revised version of the General Mossbauer-Fitting Program (GMFP) of 
Ruebenbauer and Birchall (17). All chemical isomer shifts are 
referenced relative to CaSnOs at room temperature as zero shift. 

RESULTS AND DISCUSSION 

OSCODY 
FIGURE 1 shows SEM micrographs of the hydrous titanate support 

(FIGURE: la), the MB-586 catalyst before (FIGURE lb) and after 
calcination (FIGURE IC), and of MB-599 before calcination (FIGURE 
Id). The support is a fine powder, non-agglomerated with particle 
diameters up to 2 Further magnification shows that the particles 
have no internal s!,:ucture, and theref ore are probably amorphous. 

place as large blocks (10 - 50 pm  edge) with no particular geometri- 
cal shape are observed, together with the powder. However. mag- 
nification of such a block to 8OOOX reveals that it is made of 
loosely bound powdered particles, which again have no internal 
structure. A f t e r  calcizstie= !FIC-L?Z, IC), sinilar type= c;f large 
blocks are observed, but these are still mixed with powder and show 
no smaller scale structure. The laosely bound powder inside these 
blocks are identical to those observed before calcination, and 
indicate that no sintering took place. FIGURE Id reveals that the 
situation is the same for the MB-599 catalyst. Scanning electron 
microscopy shows that all catalysts have a low degree of ordering, at 
all steps of preparation, with little texture. This indicates that 
most likely they are amorphous or microcrystalline. 

After ion-exchange (FIGURE lb), a significant change has taken 

X-Ray Po- 
The X-ray diffraction results for the two catalysts at various 

stages of preparation and use are given in FIGURES 2 and 3. FIGURE 
2a shows the hydrous titanate support before ion exchange is totally 
amorphous. After ion-exchange (FIGURE 2b), a low degree of ordering 
is observed, in the MB-586 catalyst, in the form of weak. very broad 
bumps on the background, indicating the presence of microcrystal- 
linity. Calcination results in significant crystallite growth, 
giving identifiable Bragp peaks for TiOa in the anatase and rutile 
forms and SnOz rutile. Little change is observed after the catalyst 
has been used in the coprocessing reaction, except that a few extra 
weak peaks indicate the formation of a small quantity of SnS and 
maybe some B-Sn. 

after ionic exchange (FIGURE 3b) is also microcrystalline. Contrary 
to MB-586. the powder pattern of calcined MB-599 (FIGURE 3c) contains 
only a few very broad peaks; however, no TiOz anatase, TiOz rutile or 
SnOa rutile seem to be present. Instead, a broad peak is observed 
between the positions that would be occupied by any (hkl) peak of 
Ti02 rutile and the same (hkl) peak of SnOz rutile. This is Indica- 
tive of the formation of a rutile-type Til-xSncO1. solid solution with 
unit-cell parameters intermediate between those of TiOz and SnOz 
(TABLE 11). 

For the MB-599 catalyst (FIGURE 3), the non-calcined catalyst 
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a: NaTinOsB support: SEM miorograph b: ME-588 catalyst before calcination: 
before cationic exchange, SKf4 micrograph at magnifications of 
magnification= 5,000. 800 (top) and 8.000 (bottom). 

c: ME-586 catalyst after calcination: 
SEn micrograph at magnifications of 
1,000 (top) and 10,000 (bottom). 

d: PIB-599 catalyst before calcination: 
SEH micrograph at magnifications of 
800 (top) and 8.000 (bottom). 

Bigure 1 
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Fi re 2: X-ray 
+attern 
(K Cu) of MB-586; 
a: support 
b: non-calcined ion- 

exchanged 
catalyst 

I I , c: calcined catalyst 
sa 25 2" I S  I O  d: used catalyst 

llrs,:,: nnn1es TIl'3l.a ( 0  I X= unidentified 
peaks 

1 

a 
Fi re 3: X-ray 
+pattern 
(K CU) of MB-599; 
a: support 
b: non-calcined ion- 

D exchanged 
catalyst 

d: used calcined 
catalyst 

w.op -1" 1h.t. 1.1 catalyst 

c: oalcined catalyst 

I I I I ,: e: used non-calcined 
30 z¶ m IS 
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TmLLLX 
Unit-Cell Parameters of TiOa , Til-xSruOa , and SnOa Rutile-Type 

4 . 5 9 4  
2 . 9 5 8  
62 .43  

4 . 6 4 3  
3 .100  
66 .83  

4 . 7 3 8  
3 . 1 8 8  
7 1 . 5 1  

Contrary to MB-586, a drastic change takes place in MB-599 upon 
use (FIGURE 3d and 3 e ) ,  as a mixture of TiOz anatase, TiOz rutile, 
SnO2 rutile, SnS, and possibly B-Sn, is  observed in addition to some 
unreacted Tii-aSm02 solid solution. The details of the changes for 
the first group of peaks are given on FIGURE 4 .  

The MB-586 and MB-599 catalysts were prepared following the same 
procedure, except that, for MB-599, the sodium hydroxide solution was 
kept below 0 O C  to minimize temperature rise during addition of 
titanium(1V) 2-propoxide, whereas for MB-586, this NaOH solution was 
not cooled before preparation of the soluble titanium Intermediate. 
This difference in experimental procedure, not brought up in the 
literature, must be at the origin of the difference in the nature of 
the solid catalysts. It i s  most likely that additional intermediate 
species, precursors of TiOz anatase, are formed upon hydrolysis of 
titanium(IV).2-propoxide at room temperature. 

calcination and use, as shown by the large linewidth of the Bragg 
peaks. Below 1000 A particle diameter, line broadening occurs. and 
below ca. 50 A ,  the peaks are so broad they cannot be distinguished 
from the background. The average particle s i z e  of each phase was 
estimated by using the Scherrer's formula ( l e ) ,  corrected for 
instrumental broadening with Warren's method ( 1 8 ) .  The results are 
given in TABLE 111. 

The catalyst are microcrystalline at all stages, even after 

Z U L E J u  
Average Particle Size of, Catalysts a5 Determined by Scherrer's Method 

from the Broadening of the Brags Peaks 

Catalysts@ 

Support 

MB-586 nc 

MB-586 c 

MB-586 u 

ME-599 nc 

MB-599 c 

MB-599 u-c 

MB-599 u-nc 

12.70 0.32 

12 .70  0 . 5 2  

1 # 

1 3 . 5 8  0 . 7 0  
17 .40  1 . 0 5  

1 7 . 6 0  0 . 8 0  

12.64  0 . 3 0  
1 7 . 6 0  0 . 5 0  

0 

O)b B ( O ) b  t(A)b Phase 

* * < 50 microcrystalline 

# S 50-100 TiOz microcryst. 
SnOa microcryst. 

17 0 . 2 7  300 Ti& anatase 

0 . 1 8  

# 

0 . 1 7  
0 . 1 7  

0 . 1 7  

0 . 1 7  
0 . 1 7  
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0 . 4 9  170 TiOz anatase 

# 50-100 TiOz microcryst. 
SnOa microcryst. 

0 . 6 8  120 Til-xSruOz rutile 
1 . 0 4  80 Til-xSnx0z rutile 

0 . 7 8  107 Til-xSnxOa rutile 

0.25 330 Ti% anatase 
0 . 4 7  177 Til-xSm0z rutile 



(110) Sn02 Rutile -lei I- d120) SnS 
SnS 
TiOl 

(101) TiOz Anatase 

Used Catalyst 

!A\ i i , 
I 1 I Calcined catalyst 

I I ,  I 

Physical mixture 
SnOz Rutile (L 
TiOa Rutile 

Figure 4: Comparison of the first Bragg peak of T i l - x S m O n  
Rutile type solid solution in HB-599 calcined catalyst 
with a physical mixture of rutile type SnOI and Ti& 
and with the used catalyst. 

I 

TD2 
I 
I 
1 
I 
I 
I y- 

(2) I 

Rimre 5: Evolution of the reooil- 
free fraction with temperature as a 
function of lattice strength 

A= Zero point motion 
B= Harmonic thermal vibrations 
C= Anharmonic thermal vibrations 
E%= Low temperature difference 
I&= Hish temperature difference 
fa = Absorber recoil-f ree fraction 
T n l ,  Tn2= Debye temperatures 
(1)= Soft lattice 
(2)= Hard lattice 
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, 

a: nc = non-calcined. c = calcined, u = used, u-c = used calcined 

b: Scherrer's formula: t = (0.9A )/(B.cose) with t ( A )  = average 
catalyst, u-nc = used non-calcined catalyst. 

particle size, B ( " )  = broadening at half-height due to small 
particles, A ( A )  = wavelength, e ( " )  = Bragg angle. * No Bragg peak observed. 

t Very broad peak, cannot be measured. 

X-ray diffraction results corroborate the information obtained 
from the SEM photographs, i . e .  all samples are microcrystalline. It 
is not surprising that the particles of 1-2 m diameter observed by 
SEM appear to have no internal structure. &deed, each of them is 
made of about 1010 much smaller particles (diameter ca. 1000 times 
smaller) randomly distributed relative to one another. The support 
gives no Bragg peak at all, and therefore is amorphous or microcrys- 
talline with particle diameter below 50 A .  The non-calcined ion- 
exchanged catalysts shows very broad features barely distinguishable 
from the background, indicative of a particle size close to 50 A .  
The rutile-type Til-xSnx02 solid solution has particle dimensions of 
about 100 A ,  while Ti02 anatase has the largest crystallites 
( -  300 A ) .  Some crystallite growth occur upon calcination; however, 
all samples are still microcrystalline. No further crystal growth 
was observed during the tests. - 

11BSn Mtissbauer spectroscopy provides a direct probing of all 
tin sites, regardless of the degree of crystallinity or presence of 
other phases. This is very important for obtaining information on 
the oxidation state and the coordination of the active sites of these 
catalysts. Furthermore, of all metal-exchanged catalysts tested in 
(5), i.e. Mo, Co, Pd, Sn, and Ni, only tin has a Mossbauer isotopes. 
The Mossbauer results for MB-586 and MB-599 are summarized in TABLE 
IV. 

tin and a major tetravalent tin species, both coordinated with 
oxygen. Sn(1V) is in pseudooctahedral coordination like in SnOa, 
with various degrees of distortion relative to regular octahedral 
symmetry. The oxygenated ligands can be bridging oxygen, OH- or H a 0  
molecules. The sample prepared at low temperature (MB-599) contains 
a larger proportion of Sn(I1). Upon calcination in air, all tin(I1) 
is oxidized to tin(1V) as expected. After coprocessing test, some 
stannous sulfide SnS is produced, in very small quantity (1 %) for 
MB-586, in much larger quantity (10 - 15 % )  for MB-599. No B-Sn was 
observed by Mossbauer spectroscopy; therefore, if it is indeed 
formed, it is in very small quantities. 

of m- the c- - 
MGssbauer data presented in TABLE IV show that, during coprocessing, 
a profound change takes place in the solid catalyst provided it was 

The non-calcined ion-exchanged catalysts contain minor divalent 

The X-ray diffraction results of FIGURES 2 to 4 and the 

3 Co catalysts can be studies by 57Fe Mossbauer spectroscopy; 
however, this requires preparing the catalyst using radioactive 
57Co radioisotope, thus giving rise to additional experimental 
complications. In addition, electron-capture decay, and the 
following Auger cascade, often give extra Mbsbauer lines and 
unexpected oxidation states of Fe, making the interpretation of 
the spectra more difficult (19). 
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TABLLu 
Room Temperature 11eSn M6ssbauer Parameters for MB-586 and MB-599 Tin 

Titanate Catalysts 

Catalysts* 6(mm.s-1 )b h(mm. s-1 )e Oxid Contr(%)e Assignment* 

MB-586 nc - 0.09 0.15 +4 95 Sn/O octa sd 
3.04 1.59 +2 5 Sn(II)/O 

MB-586 c - 0.03 0.30 +4 100 Sn/0 octa di 

MB-586 u - 0.03 0.40 +4 99 Sn/O octa vd 
3.16 0.98 +2 1 SnS 

MB-599 nc - 0.09 0.40 +4 75 Sn/O octa vd 
3.13 1.78 +2 25 Sn(II)/O 

MB-599 c - 0.03 0.00 +4 100 Sn/O octa ud 

MB-599 u-c - 0.03 0.00 +4 85 Sn/O octa ud 
3.22 0.86 +2 15 SnS 

MB-599 u-nc - 0.03 0.00 +4 90 Sn/O octa ud 
3.28 0.86 +2 10 SnS 

a: nc = non-calcined. c = calcined, u = used, u-c = used calcined 
b: chemjcel isomer shift r a l n t i v e  to CPCEOS et ~ O = E  +e----+-- ” ..rr&Puure. 

c: quadrupole splitting, error bar = 0.01 mm.s-1. 
d: oxi = tin oxidation state. 
e: contr = % contribution of each tin site to the total spectrum, 

f: Sn/O octa = tetravalent tin in octahedral or pseudo-octahedral 

catalyst, u-nc = used non-calcined catalyst. 

error bar = 0.01 mm.s-1. 

error bar = 1 % .  

coordination of oxygen, ud = undistorted, sd = slightly dis- 
torted, di = distorted, vd = very distorted, Sn(II)/O = divalent 
tin coordinated by oxygen. 

formed of Til-xSnx0z solid solution (HB-599). The amount of solid 
solution is reduced while a large amount of Ti& anatase is formed 
and ca. 15 % SnS. On the other hand, if the calcined catalyst 
contains Ti02 anatase and rutile and SnO2 rutile, and no Til-aSnxO2 
(MB-586), no significant change is observed and little SnS is formed 
(1 X ) .  Obviously, there is a correlation between the simultaneous 
disappearance of Ti1-xSna02 and the appearance of TiOa anatase and 
SnS. As the reaction with calcined MB-599 gives the highest yield in 
SnS, reduction of tin(1V) to tin(I1) by hydrogen and/or coal first 
takes place, followed by sulfidation of the tin(I1) formed (EQUATION 
l), sulfur being provided by the oils (5 w t  % S) and coals (0.5 w t  % 
S). 

As formation of SnS is observed only if Til-XSnxOa is present, the 
reactions given in EQUATIONS 2 and 3 take place at 410 ‘C under 3.4 
MPa pressure of hydrogen. 
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xS2- + Til-~SnrOa + 2xHz - - ->  (1-x)TiOz + 2xHaO + xSnS + 2xe- 2) 
rutile anatase 

XSZ- + Til-XSnrOz + 2xC - - -> (1-x)TiOz + 2xCO + xSnS + 2xe- 3 )  
anatase anatase 

Reactions 2 and 3 produce TiOa anatase and SnS and consume 
Til-~Sn.02, and therefore, account for the experimental observations. 
The reason the reaction works well with Til-xSruOz and not for SnOz 
rutile is probably that the SnO2 lattice is much more stable. 
Indeed, the strain induced by the presence of two cations of sig- 
nificantly different size (Sn(1V) = 0.83 A ,  Ti(1V) = 0.735 A ,  in 
coordination number six) (20) in Til-xSnx0z reduces the lattice 
energy and makes it more susceptible to the destabilizing power of 
chemical attacks. 

The amount of SnS formed depends on the presence of the 
Til-xSn.02 rutile-type solid solution, and is not favored by prior 
presence of tin(I1) in the catalyst. The data of TABLE V show that 
the calcined MB-599 (0 % Sn(I1)) yields 15 % SnS, while non-calcined 
MB-599 catalyst (25 % Sn(I1)) gives 10 % SnS, i.e. less. Even in the 
case of the test with non-calcined MB-599, the used catalyst contains 
less divalent tin (10 %) than the catalyst before use (25 % ) .  showing 
that direct sulfidation of tin(I1) already present does not take 
place. To the contrary, presence of Til-xSn.02 is required showing 
that its decomposition leads to SnS and Ti02 anatase, according to 
equations 2 and/or 3. 

T A P u a  
Amount of SnS versus Test Conditions 

Catalyst c/ne T s b  pHz (psi)c TR (OC)d Timen % SnS 

MB-586 C RT 500 410 3h4 5 1 
MB-599 C < 0 "C 500 410 33145 15 
MB-599 nc < 0 o c  500 4 10 31145 10 

a: c = calcined, nc = non-calcined. 
b: T6 = temperature of preparation of support. 
c: pHZ = pressure of hydrogen (continuous flow) in the reactor 

d: TR = temperature of reaction for the tests. 
e: Time = time of the test reaction. 

during the test. 

A surprising feature is the high amount of Sn(1V) in the 
catalysts before calcination, i.e. the large amount of divalent tin 
oxidized to tin(1V) during ion-exchange. TABLE V compares the 
relative amount of tin(I1) as a function of the conditions of ion 
exchange. - 

Relative amount of divalent tin in ion-exchanged non-calcined 
catalysts as a function of preparative conditions 

Catalyst Water PH Stirring Time Sn(II)/total Sn 
Degassing (min) ( % )  

MB-586 NO 2.8 60 
MB-599 Yes 1.83 105 
MB-585 Y e s  2.4 60 

4 1 2  

5 
25 
10 



Although one could expect that prolonged exposure to dissolved 
atmospheric oxygen would increase the amount of tin(1V). the above 
data clearly indicate that the pH of the solution is the most 
important factor, followed by degassing. Most likely, at low pH less 
hydrolysis of tin(I1) occurs, which is known to favor oxidation. 
However, a pH lower than 1.8 cannot be used because it dissolves the 
sodium titanate support. Oxidation to tin(1V) during calcination 
could be expected. 

CONCLUSION 

Tin exchanged hydrous "titanates" have been prepared and charac- 
terized by some of the solid state techniques. The method of 
preparation, texture and structure of the catalysts, as well as the 
nature of the tin site, are important parameters for the understand- 
ing of their behavior during coprocessing reactions. The catalysts 
are microcrystalline in all stages of preparation, although sig- 
nif icant crystallite growth of TiOz anatase occurs during calcina- 
tion, from ca. 50 A to 300 A .  The method of preparation of the 
support is critical as a room temperature reaction yields mostly TiOz 
anatase, while low temperature syntheses result in a rutile-type 
Til-xSn.02 solid solution being formed, which easily decomposes upon 
reduction of tin(1V to tin(II), producing SnS and TiOz anatase at 
coprocessing conditions. X-ray diffraction and Mossbauer spectros- 
copy show that no Sn(1V) or Sn(II)/Sn(IV) mixed oxidation state 
sulfide is formed. In addition, no titanium sulfide or sodium- 
containing species was detected, despite the non-negligible sodium 
content (TABLE ij. The coal/hydrogen reducing medium reduces Sn(1V) 
from Tii-xSm02 and not from SnOz, followed by sulfidation to SnS, 
using the natural sulfur content of coals and oils. TiOz anatase and 
rutile and SnO2 rutile seem very stable. 

The relative contribution of each tin species to the total 
Mossbauer spectrum, is not equal to the real amounts of these species 
in the samples if their recoil-free fractions are not the same, and 
the difference, which is a function of their Debye temperature, is 
temperature dependent, as shown on FIGURE 5. A variable temperature 
study is presently being undertaken in order to minimize the error 
due to recoil-free fraction difference. Calculations of equilibrium 
constants (21) for the reduction of oxides of Sn, Mo, Co. and Ni, at 
the temperature of the coprocessing reactions show that SnOz is more 
difficult to reduce in Hz than NiO, COO and MoOa. If reduction of 
SnOa occured, NiO, COO and MoOa would also be reduced in the reac- 
tions of (5). As no data are available on the equilibrium constant 
for Til-xSnxOz, reduction of NiO, COO, and MoOa cannot be confirmed. 
The detailed study of the tin catalysts, which was possible because 
of the 11oSn Mossbauer probe, provides a model for catalysts contain- 
ing other metals, which have no Mossbauer nuclide. 
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